A two-stage protocol for studying liver carcinogenesis was applied to the mouse. The protocol includes the treatment of 7-day-old mice with a single low dose of an initiating agent (diethylnitrosamine, NDEA), promotion starting after weaning and lasting about 20 weeks, and histologic analysis, at 30 weeks of age, of hepatocellular nodules on H&E stained sections. A stereologic analysis of results allows the evaluation of nodule frequency and size. Using this protocol in B6C3 and B6C mice, we have identified the promoting activity of the phenobarbital-like enzyme inducer, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), which was found to be a strong hyperplaseogenic agent for mouse liver. These studies also indicated that the different susceptibility to hepatocarcinogenesis in B6C3 and B6C mice may be related to a higher susceptibility of B6C3 than B6C initiated liver cells to growth stimulation. A long-term study showed that B6C mice have a low incidence of spontaneous liver tumors but are susceptible to chemical hepatocarcinogenesis and, therefore, they may be an alternative model to B6C3 mice in carcinogenesis bioassays.
INTRODUCTION
The two-stage nature of tumor development was demonstrated in the skin of rodents by applying a single subthreshold dose of an initiating carcinogen (DMBA) followed by the continuous treatment with the "promoter" croton oil (2, 3). The single subthreshold dose of the initiating carcinogen or the continuous treatment with the promoter alone were not able to induce tumors, but the combined treatment did (2, 3) . In the last two decades it has become clear that the two-stage phenomenon in the development of neoplasms is not unique to the skin. Multi-stage induction of tumors was observed in other organs and tissues such as liver, lungs, mammary gland, and urinary bladder, and different tumor promoters have been identified (1, 10, 11, 12, 19, 22) . The liver model of carcinogenesis seems to be particularly useful for studying the different phases of tumor development. Since up to 80% of liver mass is constituted by a single cell type, the hepatocyte and the organ is quite well characterized biochemically in its many functions.
Moreover, the early phases of multi-stage hepatocarcinogenesis are characterized by preneoplastic lesions, which can be induced in a few months. Different systems are available to induce preneoplastic lesions in a short time or tumors after a longer period * Presented at the Third Sardinian International Symposium, October 6-9, 1985 in Cagliari, Italy. of observation. The systems consist of a single treatment with an initiating carcinogen, usually NDEA, during or before liver cell replication. Then a promoting agent such as phenobarbital (PB), or a choline deficient diet, or a toxic environment (AAFdiet) that inhibits proliferation of normal hepatocytes is administered, which enables identification ofenzyme-altered foci that are considered to be preneoplastic lesions (9, 12) .
GENETIC SUSCEPTIBILITY TO
HEPATOCARCINOGENESIS These systems have been studied mostly in the rat, whereas the mouse has been used in a few studies only. This species seems particularly useful to investigate the genetic mechanisms controlling tumor development because murine strains are available with a high or low incidence of spontaneous liver tumors.
As shown in Table I , murine strains like C57BLl 65 and SWR do not develop liver tumors, even after 2 years of life. BALB/c mice have a low incidence of liver tumors, whereas C3Hf mice have a high incidence (4, 5).
To better define the mouse model of hepatocarcinogenesis, we carried out a long-term experiment to compare the spontaneous tumor incidence in two related hybrids: B6C3 and B6C mice, both derived from the F1 cross between C57BL/6J females and either C3Hf or BALB/c males. B6C3 mice are com-229 230 DELLA PORTA ET AL TOXICOLOGIC PATHOLOGY Table 11 , and as reported by other authors (20), the B6C3 hybrid inherited from the C3Hfparental generation a relatively high incidence of spontaneous liver tumors. Therefore, the high incidence of spontandous liver tumors acts as a dominating trait. In contrast, B6C mice showed a low incidence of spontaneous liver tumors (8).
To determine the susceptibility of the two hybrids to a weak multipotential carcinogen, urethan, we carried out the experiment shown in Table 11 . Urethan is an effective liver carcinogen when administered during infancy even for short periods oftime.
Urethan treatment induced a high percentage of liver tumors in both hybrids. However, B6C mice survived longer than B6C3 mice. For this reason the incidence of liver tumors seems higher in B6C mice, but a statistical analysis, which takes the survival into consideration, showed that B6C3 mice were more susceptible than B6C mice.
Our study showed that B6C mice have a low incidence of spontaneous liver tumors, but they are susceptible to chemical hepatocarcinogenesis and, therefore, they may be an alternative to B6C3 in carcinogenesis bioassays (8).
TWO-STAGE HEPATOCARCINOGENESIS
In studying mouse hepatocarcinogenesis, it must be taken into account that this model differs in some aspects from the skin model. A single low dose of an initiating agent does not result in tumor development in the skin even after a prolonged period of observation; whereas a single dose of diethylnitrosamine at 1.25 mg/kg induced hepatocellular carcinomas in 15-day-old mice within 7O'weeks after treatment (1 8). Therefore, a progression of neo- plastic lesions must be operating in the mouse liver, which may be due to the presence of endogenous promoters of hepatocarcinogenesis. Some hormones have been found to promote liver carcinogenesis, and they may account for the well known sex difference in the susceptibility to hepatocarcinogenesis.
Our studies were started on two-stage hepatocarcinogenesis choosing a protocol in which a single low dose of initiating agent is administered to 7day-old mice. After an observation period of 3-6 months, the animals are sacrificed and the number and size of hepatocellular nodules are measured in hematoxylin and eosin (H&E) stained liver sections.
The initiation treatment given during infancy (period of physiologic liver cell replication) reduces at minimum the manipulation of the system, and avoids stressing the animals with partial hepatectomy or treatment with necrogenic doses of toxins, as it is commonly done with the adult rat.
The analysis of hepatocellular nodules on H&E slides was chosen because it was considered more reliable and had a clearer biologic significance than the analysis of enzyme altered foci, Noteworthy, the best enzymatic marker for preneoplastic foci in the rat liver (gamma-glutamyltranspeptidase) (9, 12) is a poor marker for mouse hepatocellular nodules (1 7). A stereological method for the analysis of data allows the calculation of nodule frequency (number of nodules/cm3 of liver) and size (mean volume of nodules) ( I 5).
In our study, as well as in others, most hepato: cellular nodules induced by treatment withsthe initiating agent alone (NDEA) were basophilic and may be scored starting from 14 weeks of age. In male B6C3 mice, nodule frequency and size progressively increased from 14 to 24 weeks of age (Table 111) . Therefore, an observation period of about 20 weeks of age is advisable when using this model. In a first series of experiments we used PB and 1,4-bis[2-(3,5-dichloropyridiloxy)]benzene (TCPO-BOP) as promoters. PB is a well known promoter of rat hepatocarcinogenesis and in some experiments it was shown to promote mouse hepatocarcinogenesis as well (1 2, 16,2 1). PB stimulates a number ofenzyme activities involved in drug metabolism and also DNA synthesis in the liver, although the relevance of these effects on the promotion of hepatocarcinogenesis is still not clear (12) . A potent PB-like agonist, with regard to induction of drug metabolism, has been recently described by Poland et a1 (13, 14) . TCPOBOP is 650-fold more potent in mice than PB, but it is ineffective in rats. The compound has not been studied for promoting activity on hepatocarcinogenesis.
In preliminary experiments, we confirmed the PBlike pattern of enzyme activity induced by TCPO-BOP in mouse liver, and we also observed a strong hyperplastic activity. As shown in Table IVY the P-450 associated enzyme activities p-nitroanisoleo-demethylase and aminopyrine-N-demethylase were induced by both PB and TCPOBOP; whereas, the P-448 associated UDPG-transferase activity (pnitrophenol as substrate) was not induced. The liver DNA content was almost doubled by TCPOBOP treatment (Table IV) (7) .
The results of the two-stage hepatocarcinogenesis experiment reported in Table V show that NDEA treatment of 7-day-old mice, followed by vehicle, resulted in about 400 nodules/cm3 of liver at 28 weeks of age in B6C3 female mice. PB treatment after NDEA caused centrilobular hypertrophy with cells showing enlarged and acidophilic cytoplasm, resulted in a slight decrease of the number of nodules/cm3, and did not significantly change their mean volume with respect to controls. PB did not promote liver nodules probably due to the short period of administration or to an insufficient dose. Mice treated with TCPOBOP after NDEA had fewer nodules/ cm3 than controls, but the mean volume of nodules was higher. Most of the hepatocytes, throughout the lobules, were enlarged and acidophilic. Also, most of the nodules consisted of large acidophilic hepatocytes or ofclear cells. Therefore, TCPOBOP treatment stimulated the growth of hepatocellular nodules that were larger than those in controls. The reduced number of nodules/cm3 of liver in the TCPOBOP-treated group was due to nodule dilution caused by liver enlargement and to a confluence of small nodules in large ones (7) .
We have therefore identified TCPOBOP as a new promoter of mouse hepatocarcinogenesis. It may represent a valuable tool for the study of the mechanisms involved in the promotion phase of hepatocarcinogenesis and for the identification of a possible receptor that mediates its biologic activity.
As already mentioned, the spontaneous incidence of hepatocellular tumors is high in B6C3 mice and low in B6C mice. To investigate whether the different susceptibility to hepatocarcinogenesis is due to a different susceptibility to initiation or promotion phases of hepatocarcinogenesis, both hybrids were treated with a single dose of NDEA at 1 week of age followed by TCPOBOP or vehicle and sacrificed at 30 weeks of age. The frequency of hepatocellular nodules was similar in the two hybrids. However, the mean volume of nodules was about 10-fold greater in B6C3 than B6C male mice receiving NDEA plus vehicle. The treatment with TCPOBOP after NDEA increased the mean volume ofnodules 5-8-fold in both hybrids, with B6C3 mice still having a value about 7-fold greater than B6C 
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DELLA PORTA ET AL TOXICOLOGIC PATHOLOGY mice. N o differences in mean volume of nodules were seen in the females ofboth hybrids after NDEA and vehicle, whereas upon administration ofNDEA and TCPOBOP, the mean volume of nodules was 25-fold greater in B6C3 than 'in B6C females. TCPOBOP alone induced the same level of DNA synthesis and of aminopyrine-N-demethylase in the liver of both hybrids. Therefore, the different susceptibility to hepatocarcinogenesis in B6C3 and B6C mice may be related to a higher susceptibility of B6C3 than B6C-initiated liver cells to growth stimulation.
ALTERATIONS IN GENE EXPRESSION IN

MOUSE LIVER TUMORS
The expression of endogenous retroviral sequences and ofthree cellular oncogenes were studied in three hepatocellular adenomas and in four carcinomas induced in male B6C3 mice by a single dose of NDEA, in five spontaneous carcinomas in male C3Hf mice, and in the livers of normal agematched control mice. In all of these adenomas and carcinomas there was increased expression of Moloney murine leukemia virus (M-MuLV)-and intracisternal A particle (1AP)-related sequences. The retrovirus-like VL30 sequence was expressed at significant levels in the normal liver of these mice and increased expression of this sequence was found in only four of the 12 tumors examined. Expression of endogenous mouse mammary tumor virus (MMTV)-related sequences was not detected in the normal livers nor in any of the liver tumors. With respect to cellular oncogenes, increased expression of c-niyc was seen in all of the B6C3 tumors. Two out of five normal liver samples and all of the tumors of the C3Hf mice displayed significant expression of c-iizyc. There was a slight increase in expression of c-Ha-ras in some ofthe tumors. Increased expression of c-fos was found in only one of the 12 tumors. Taken together, these studies indicate that both carcinogen-induced and spontaneous liver tumor formation in mice is associated with abnormalities in the expression of endogenous retrovirus-related DNA sequences and also specific cellular oncogenes (6) .
In conclusion, the mouse liver system may represent a good model to study the different phases of carcinogenesis. The sensitivity of infant liver to carcinogens may enable us to study the hepatocarcinogenicity of chemicals in a medium-term (20-30 weeks) in viw carcinogenesis assay. The studies on the genetic differences in the susceptibility to hepatocarcinogenesis between murine strains may lead to insights into the underlying mechanisms responsible for these differences. The understanding of these mechanisms may be of generic value, not limited From reference (7) . Mice were treated once with NDEA (15 mg/kg PO) at 7 days of age and then with PB (500 ppm in the drinking water continuously) and TCPOBOP ( to the particular mouse system, and may allow the identification of factors affecting tumor development.
